



























































































































































































































































































































































































































































































































































































































































































































































































































































































WWTP	 Capacity (m3/d) Location	(UTM)	
St.	Jacobs	 9.55   102  536478, 4820295 
Conestogo	 1.48   102  540617, 4821286 
Waterloo	 7.27   104  41834, 4814382 
Kitchener	 1.22  105  546982, 4805530 
Hespeler	 9.32  103  554113, 4808104 
Preston	 1.69   104  552547, 4803895 
Galt	 3.86   104  555226, 4798486 
Paris	 7.04   103  550843, 4780626 
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TP  0.0196  ‐0.25  < 0.01  ‐0. 943  < 0.01  ‐2.8  0.0105 
0.0024* 
‐1.01 
SRP  0.0024  ‐0. 05  < 0.01  ‐0. 275  < 0.01  ‐1.5  0.0015  ‐0. 561 
NH4
+  0.578    < 0.01  ‐1.65  0.825    0.367   
NO3
‐+NO2



























































































































































































































































































































    1972‐1975 1975‐1985 1975‐2009 






Amaranth (2)*  TP  0.8102  ‐ 0.1316  
  SRP  1.000  ‐ 0.0016 ‐0.0623 
  NH4
+  ‐  0.739 0.9616  
  NO3
‐+NO2
‐  ‐  0.167 0.0000 +13.4 
Bridgeport (6)  TP  0.471  ‐ 0.0000 ‐0.603 
  SRP  0.471  ‐ 0.0426 ‐0.111 
  NH4
+  ‐  0.7408 0.013 +0.900 
  NO3
‐+NO2
‐  ‐  0.0016 +115 0.0027 +26.7 
Blair (8)  TP  0.0306  ‐120 0.378 0.0004 ‐0. 897 
  SRP  0.0306  ‐87.6 0.508 0.0001 ‐0. 536 
  NH4
+  1.000  0.024 ‐15.6 0.0009 +6.16 
  NO3
‐+NO2
‐  0.7842  0.024 +70.4 0.0035 +32.1 
Glen Morris (9)  TP  0.0289  ‐73.0 0.680 0.0002 ‐1.17 
  SRP  0.0289  ‐50.8 0.480 0.0000 ‐0.769 
  NH4
+  0.551  0.236 0.385  
  NO3
‐+NO2
‐  0.100  0.0135 +158 0.0000 +39.4 
Brantford (10)  TP  0.0927  0.659 0.0000 ‐1.42 
  SRP  0.0306  ‐52.8 0.0068 +2.24 0.0022 ‐0.373 
  NH4
+  1.000  0.581 0.0203 ‐1.00 
  NO3
‐+NO2
‐  0.810  0.0009 +105 0.0004 +31.4 
Newport (11)  TP  0.0927  1.000 0.0000 ‐1.57 
  SRP  0.0306  ‐61.8 0.1858 0.0013 ‐0.62 
  NH4
+  0.810  0.409 0.317  
  NO3
‐+NO2
‐  0.810  0.0017 +91.7 0.0001 +40.0 
Dunnville(13)**  TP  n/a  n/a 0.0024 ‐1.01 
  SRP  n/a  n/a 0.0015 ‐0. 561 
  NH4
+  n/a  n/a 0.3670  
  NO3
‐+NO2
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‐3 ‐2 ‐1 0 1 2
Figure 5.6 Factors influencing the concentration of N2O in chamber experiments. N2O was a negative 
function of DO in most treatment (A) with R2=0.346 in combined light Exp 1+2+5 of, R2 =0.401 for 
dark Exp 3, and R2 =0.897 in dark chambers of Exp 4; N2O was negatively related to U (B), R
2=0.405; 
N2O was related to NO3‐ (C); R
2=0.755; N2O was negative function of NO3
‐ consumption (µg /l/min), 
R2=0.264. 
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Figure 5.7 Gross NH4
+ uptake (U), net uptake (Unet), release rate (R) and the nitrogen uptake 
required for maximum growth rates. N requirement is based on a maximum relative growth rate of 
0.10 d‐1 from Nielsen and Sand‐Jansen (1990, 1991) who found a range of 0.007‐0.109 d‐1 for 
submersed species M. spicatum, Potamogeton spp. and E. Canadensis, and a critical N tissue 
concentration of 1.82%, beyond which macrophyte growth becomes limited (Demars and Edwards, 
2007). 
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5.4 Discussion	
5.4.1 Nitrogen	and	phosphorus	interactions.	
This	study	did	not	find	any	effect	of	PO43‐	addition	on	NH4‐	uptake	or	N2O	production	at	Grand	
River	or	Speed	River	locations.		Ambient	SRP	concentrations	before	additions	were	3.7	to	11.9	
µg/l,	and	may	not	have	been	limiting	the	growth	or	metabolic	functions	of	riverine	biota.	The	
negative	relationship	between	initial	SRP	and	NH4+	uptake	is	unexpected,	and	may	reflect	that	
NH4+	uptake	was	highest	when	nutrients	were	low.	Because	the	variation	in	NH4+	concentration	
and	biomass	in	the	chambers	had	unintended	impacts	on	the	NH4+	uptake	rates	of	macrophytes,	
it	may	have	been	difficult	to	detect	any	effect	of	P	addition	on	NH4+	uptake.		
A	meta‐study	of	nutrient	limitation	experiments	(Francoer	et	al.,	2001)	found	that	a	very	small	
response	in	benthic	epiphyte	biomass	was	present	in	N‐limited	streams	for	P	addition,	and	vice‐
versa,	but	that	these	responses	would	be	undetectable	given	the	statistical	power	of	most	of	
these	experiments.	Subtle	effects	on	NH4+	uptake	due	to	the	PO43‐	treatment	are	possible,	but	
future	studies	will	need	to	carefully	control	the	NH4+	concentration	and	the	biomass	of	
macrophytes,	and	increase	the	statistical	power	of	the	experiment	to	find	this	effect.	It	is	also	
debatable	whether	detecting	small	effects	statistically	is	biologically	or	ecologically	relevant.	N	
and	P	cycles	may	interact	at	the	physiological	level	in	streams,	as	PO43‐	uptake	can	be	inhibited	
by	high	concentrations	of	NH4+	through	the	interference	of	extracellular	NH4+	on	anion	co‐
transport	as	demonstrated	by	Wolfram	et	al.	(1984)	for	P‐starved	Lemna	gibba	in	laboratory	
culture.	However	PO43‐	uptake	was	not	determined	in	our	experiment,	so	this	type	of	interaction	
cannot	be	specifically	addressed	by	this	study.	If	an	effect	of	PO43‐	on	NH4+	uptake	or	
transformation	was	present	in	the	Grand	and	Speed	Rivers,	an	experiment	to	detect	it	would	
need	to	select	a	site	with	lower	background	SRP	concentration,	operate	the	experiment	with	a	
higher	number	of	treatments	and	add		smaller	quantities	of	NH4+	carrying	the	tracer.		
5.4.2 NH4+	Uptake	rates	
The	10	AP	15N‐NH4+	tracer	addition	affected	gross	NH4+	uptake	(U),	as	indicated	by	the	
relationship	between	U	and	concentration	in	experiments	where	the	ambient	NH4+	was	low.		
There	appeared	to	be	a	hyperbolic	relationship	between	U	and	concentration	with	an	estimated	
half	saturation	constant	(Ks)	of	56	µg	NH4+/l	when	data	from	all	chamber	experiments	were	
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pooled.	This	is	within	the	range	of	previously	published	values,	such	as	a	Ks	of	7‐70	µg	N/l	found	
for	some	marine	algae	(Eppley	et	al.	1969)	and	within	the	3	order	of	magnitude	range	found	for	
several	algal	species	(Kemp	and	Dodds,	2002b),	but	greater	than	the	0.6‐7.6	µg	/l	they	found	for	
various	stream	benthic	algae	and	microbial	habitats.		Vmax	for	riverine	submersed	
macrophytes	in	this	study	(0.6	ug	N/g/min	at	the	Speed	site	and	1.3	ug	N/g/min	at	the	Grand	R.	
site)	was	lower	than	a	Vmax	of	4.097	ugN/g/min	for	benthic	algae	(Kemp	and	Dodds	(2002b),	
but	higher	than	a	Vmax	of	0.039	ug	N/g	wet	weight/min	found	for	a	marine	macroalgae	(Haines	
and	Wheeler,	1978).			
Webster	et	al.	(2003)	found	that	ammonium	uptake	by	stream	epilithic	and	filamentous	algae	
was	best	explained	by	NH4+	concentration	in	streams	across	the	United	States,	and	no	other	
physical	or	chemical	parameters	they	examined	explained	the	remaining	variation.	Similarly,	in	
my	work	gross	NH4+	uptake	appeared	to	be	related	to	NH4+	concentration	below	110	µg/l.	
However,	uptake	limitation	does	not	mean	that	growth	is	N	limited.	All	of	the	uptake	rates	
measured	in	each	experiment	would	be	able	to	support	theoretical	maximal	growth	rate	of	0.1	
d‐1	determined	for	macrophyte	species	(Neilsen	and	Sand‐Jansen,	1990;	1991)	and	maintain	
tissue	N	concentrations	above	a	critical	limitation	threshold	of	1.82%	(Gerloff,	1975	as	cited	in	
Demars	and	Edwards,	2007).		Uptake	rates	in	chamber‐incubated	macrophytes	exceeded	N	
requirements	to	support	the	theoretical	maximum	growth	rate	in	only	one	chamber	incubation,	
experiment	5,	at	the	Grand	River	site	on	September	3rd	2009.	However	it	is	likely	that	
macrophytes	may	not	meet	all	of	their	assimilatory	N	demands	through	NH4+	uptake	in	natural	
river	settings,	given	that	the	concentration	of	NH4+	is	normally	much	lower,	below	10	µg/l,	and	
the	maximum	laboratory	growth	rate	determined	in	laboratory	studies	may	not	ever	be	
reached	in	rivers	even	given	ample	nutrients.	Because	the	chambers	were	elevated	in	NH4+	
concentration	by	the	addition	of	the	15N‐NH4+	tracer,	actual	river	macrophyte	U	could	be	
determined	using	Ks	and	Vm	and	ambient	NH4+	concentrations.	On	the	days	chamber	
experiments	were	run,	ambient	NH4+	was	always	60	µg/l	or	lower,	meaning	that	ambient	NH4+	
uptake	was	<	0.01	µg	N/g/min	
Another	consideration	for	this	experiment	is	the	assumption	that	the	net	change	in	NH4+	does	
not	include	losses	such	as	volatilization	and	nitrification,	both	of	which	fractionate	and	enrich	
the	remaining	NH4+	(Mariotti,	1981;	Högberg,	1997).	Though	the	chambers	were	quiescent	and	
volatilization	was	minimized,	the	pH	range	of	the	river	water	was	7.6‐8.8	during	the	time	of	the	
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incubations	so	some	volatilization	likely	occurred.	Additionally,	nitrification	may	have	occurred	
because	the	chambers	were	oxic,	had	ammonia	added	to	them,	produced	N2O,	and	because	the	
NO3‐	concentration	increased	in	some	chambers.	Volatilization	strongly	fractionates	dissolved	
NH4+	through	both	the	equilibrium	reaction	involving	NH3,	and	the	movement	of	NH3	from	
water	to	air	though	volatilization	(Högberg,	1997).	Any	volatilization	that	occurred	in	the	
chambers	would	enrich	NH4+	isotope	values	due	to	fractionation	effects	and	bias	our	
determination	of	U.	However,	as	the	Unet	was	smaller	than	U,		violating	this	assumption	would	
produce	minor	effects.	I	determined	the	possible	implications	of	volatilization	on	calculating	U	
using	a	simple	model.		If	volatilization	caused	a	decrease	in	NH4+,	and	increased	the	15N	value	
through	preferential	loss	of	14N,	an	estimate	of	loss	due	to	volatilization	on	the	tracer	and	the	
calculated	U	can	be	made.	If	15%	of	the	loss	of	NH4+	in	the	chamber	was	due	to	volatilization,	U	
would	be	5‐16%	reduced.	However	it	is	likely	that	less	than	10%	of	NH4+	would	have	been	
volatilized	(Gross	et	al.,	1999)	making	our	estimates	of	uncertainty	generous	overestimates.	
5.4.3 Macrophyte	Biomass	and	NH4+	uptake	
Macrophyte	biomass	in	the	chambers	was	negatively	related	to	gross	macrophyte	NH4+	uptake	
rate	(U).		As	a	closed	system,	a	chamber	has	a	finite	amount	of	nutrient	available	for	uptake,	and	
chambers	with	more	biomass	may	use	up	the	amount	of	NH4+	available	to	them.	A	possible	
explanation	is	that	the	macrophytes	in	the	chambers	depleted	the	tracer,	and	released	NH4+	
with	lower	15N	values,	leading	to	a	smaller	quantity	of	tracer	assimilated	per	unit	biomass	over	
time.	This	dilution	effect	depends	on	release	rate,	which	we	did	not	know	prior	to	the	
experiments.	We	made	an	estimate	of	the	impact	of	tracer	dilution	by	assuming	that,	for	
incubations	of	less	than	5	h,	15%	of	the	tracer	is	can	be	replaced	by	release,	an	estimate	given	
by	Dugdale	and	Wilkerson	(1986)	for	incubations	of	marine	phytoplankton.	The	difference	
between	net	and	gross	uptake	of	NH4+	indicates	that	recycling		of	ammonia	was	rapid		in	the	
chambers,	and	possibly	in	the	river.	
Chambers	with	more	macrophyte	community	biomass	would	have	a	larger	amount	of	tracer	
dilution,	possibly	resulting	in	a	greater	effect	on	U	and	producing	an	apparent	negative	
relationship	between	chamber	biomass	and	U.	Hall	and	Tank	(2003)	found	that	increased	rates	
of	stream	metabolism	were	positively	correlated	with	uptake	of	NO3‐	and	NH4+,	with	both	GPP	
and	CR	being	significant	predictors	of	NH4+	uptake	and	GPP	significantly	predicting	NO3‐	uptake.		
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There	was	a	positive	correlation	between	macrophyte	community	biomass	and	gross	NH4+	
uptake	as	would	be	expected.	To	correct	the	experiment	for	the	influence	of	tracer	dilution	by	
NH4+	release,	15N‐	NH4+	would	need	to	be	measured	throughout	the	experiment.			
Over	the	chamber	biomass	range	present	in	this	study,	which	was	equivalent	to	94	to	377	g	
m‐2,	uptake	of	the	15N‐NH4+	tracer	was	influenced	either	directly	by	exhaustion	of	the	tracer	
NH4+	with	increased	biomass,	or	indirectly	by	the	effect	of	high	recycling	rates	and	dilution	of	
the	tracer.	Either	explanation	of	the	data	indicates	a	role	for	macrophytes	and	their	attached	
epiphyton	on	the	concentration	of	riverine	NH4+,	and	indicates	that	NH4+	is	in	demand	even	in	
large	eutrophic	rivers.			
Under	a	scenario	of	increased	NH4+	loading,	the	turnover	rate	of	NH4+	would	be	lower	and	the	
uptake	length	would	be	longer	(Kemp	and	Dodds,	2002a;	2002b;	Mulholland	and	Rosemond,	
1992;	Kemp	and	Dodds,	2001a;	Peterson	et	al.,	2001).	High	rates	of	NH4+	recycling,	as	was	found	
in	this	study,	mean	that	NH4+	is	not	retained,	but	is	rapidly	spiraling	downstream	with	relatively	
high	turnover.	Rivers	with	high	macrophyte	biomass	may	have	a	higher	community	uptake,	but	
with	rapid	cycling	they	may	not	have	a	higher	assimilative	capacity	for	new	sources	of	NH4+	
because	the	contribution	of	recycled	NH4+.	Additionally,	the	influence	of	macrophytes	and	their	
epiphyton	would	be	seasonal,	as	attaining	high	biomass	would	require	net	nutrient	uptake,	not	
release,	but	in	late	season	there	would	be	net	release	of	nutrients.	Macrophyte	communities	
may	change	from	a	sink	for	nutrients	to	a	source	of	nutrients	seasonally	as	their	growth	pattern	
changes.	Higher	rates	of	net	uptake	might	occur	earlier	in	the	growing	season	when	
macrophytes	are	actively	adding	biomass.	In	this	case,	rivers	that	can	support	a	higher	biomass	
of	macrophytes	would	have	a	higher	assimilative	capacity	for	new	nutrients	in	the	spring,	while	
later	in	the	season	higher	release	rates	would	cause	the	standing	stock	of	biomass	to	act	as	a	
source,	reducing	the	assimilative	capacity	for	rivers	that	host	a	higher	biomass	of	macrophytes.		
Hill	(1979)	found	that	aquatic	macrophytes	in	streams	and	rivers	decreased	in	N	and	P	content	
over	the	summer	growing	season,	implying	that	net	uptake	of	nutrients	slows	over	the	growing	
season,	and	that	nutrients	are	being	translocated	to	roots	for	storage.	Because	this	study	was	
conducted	in	August‐September,	when	macrophyte	community	biomass	was	at	its	peak	or	
beginning	to	decline,	the	high	rate	of	recycling	and	low	retention	of	N	(seen	by	low	Unet)	could	
be	due	to	a	seasonal	growth	and	nutrient	uptake	pattern	of	submersed	macrophytes.	Hill	
(1979)	also	reported	rapid	breakdown	and	release	of	macrophyte	N	and	P	during	their	late	
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summer	sampling	period,	which	also	supports	our	findings.	To	determine	the	influence	of	
macrophytes	on	river	N	cycling,	future	work	on	seasonal	variation	in	N	uptake	will	be	
necessary.	
5.4.4 N2O	in	chamber	incubations	
N2O	increased	in	most	of	the	chambers,	which	could	indicate	that	nitrification,	denitrification	or	
both	were	occurring	in	the	chambers,	as	both	can	contribute	significantly	to	N2O	production	
depending	on	the	conditions	(Mathieu	et	al.,	2006).		N2O	saturation	was	negatively	correlated	
with	DO,	and	was	related	to	average	chamber	NO3‐	concentration	indicating	that	denitrification	
may	be	occurring	in	the	chambers	even	though	DO	was	above	the	hypoxic	levels	usually	
required	for	denitrification	activity.	Further	evidence	of	denitrification	activity	is	provided	by	
the	relationship	between	the	rate	of	NO3‐	consumption	(ΔNO3‐)	and	N2O	percent	saturation.	It	is	
likely	that	microenvironments	of	low	DO	existed	in	the	chambers	within	the	large	cluster	of	
macrophytes	and	are	possibly	associated	with	older,	brown,	non‐photosynthetic	parts	of	
macrophytes	and	their	biofilm.		This	is	supported	by	the	finding	that	biomass	was	negatively	
related	to	DO	in	both	dark	and	light	chambers,	indicating	repiration	exceeded	photosynthesis	
regardless	of	light.	Other	work	has	demonstrated	increased	denitrification	activity	associated	
with	macrophytes	in	lakes	and	ponds	(Eriksson	and	Weisner,	1996;	Eriksson,	2001),	estuaries	
(Caffrey	and	Kemp,	1992;	An	and	Joye,	2001)	reservoirs	(Eriksson	and	Weisner,	1999)	in	
shallow	streams	(Schaller	et	al.,	2004;	Forshay	and	Dodson,	2011)	and	in	filamentous	algal	mats	
(Kemp	and	Dodds,	2002b).	This	study	shows	that	denitrification	activity	can	be	associated	with	
the	benthic	macrophyte	plants	themselves,	and	that	this	activity	is	higher	for	incubations	at	the	
site	located	downstream	of	the	Hespler	WWTP	on	the	Speed	River	which	receives	a	high	N	load	
associated	with	WWTP	effluent.	Further	work	is	needed	to	establish	the	significance	of	
macrophyte‐associated	N2O	production	in	large	rivers,	particularly	for	reaches	downstream	of	
anthropogenic	N	sources.	
The	lack	of	correlations	between	N2O	and	NH4+	and	net	NH4+	consumption	do	not	necessarily	
indicate	a	lack	of	nitrification	activity	in	the	chambers.	Both	NH4+	and	N2O	are	volatile,	and	while	
attempts	were	made	to	minimize	loss	to	the	atmosphere	by	not	aerating	or	vigorously	stirring	
chambers,	these	losses	were	not	completely	prevented.	Loss	of	NH4+	and	N2O	through	
volatilization	could	explain	some	of	the	variation	in	N2O	production	in	the	chambers.	
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Nitrification	is	often	found	occurring	with	denitrification	in	tightly	coupled	nitrification‐
denitrification	processes	at	strong	DO	gradients,	as	the	nitrate	substrate	required	for	
denitrification	is	often	generated	by	nitrification	(DeLaune	et	al.,	1991).	Nitrification	may	have	
occurred	in	the	chambers	because	all	chambers	remained	oxic,	above	2	mg	/l,	and	because	
nitrate	increased	in	some	chambers	over	the	experiment.	
N2O	was	negatively	correlated	with	gross	macrophyte	NH4+	uptake	(U),	and	this	could	be	
evidence	of	competition	for	NH4+	between	macrophyte	N	uptake	and	nitrifiers.	As	macrophyte	
demand	for	NH4+	increases,	the	concentration	of	NH4+	is	drawn	down,	resulting	in	competition	
for	NH4+	substrate,	possibly	resulting	in	lower	nitrification	activity	and	less	N2O	production.	
Additionally,	at	lower	NH4+	concentrations	macrophytes	may	use	more	NO3‐	to	supplement	their	
N	demand,	and	the	lower	nitrate	would	result	in	lower	denitrification	rates	and	less	N2O	
production	as	well.	Denitrification	activity	might	be	controlled	by	availability	of	NO3‐	(Peterson	
et	al.,	2001;	Kemp	and	Dodds	2002a)	but	macrophyte	N	uptake	will	not	likely	be	controlled	by	
nitrate	concentration,	as	nitrate	concentrations	are	high	at	both	locations.	Denitrification	is	
controlled	by	DO,	so	the	macrophyte	effect	on	DO	could	cause	an	indirect	on	N‐cycle	behaviour.		
This	may	also	be	a	result	of	experiment	5	having	high	values	for	U,	low	N2O	saturation	and	
lower	than	average	macrophyte	biomass	compared	to	the	other	experiments.		
	It	is	generally	understood	that	NH4+	is	the	preferred	form	of	inorganic	nitrogen	to	plants	
because	of	its	reduced	form	and,	given	the	generally	higher	availability	of	NH4+	in	aquatic	
environments	compared	with	terrestrial	environments,	aquatic	macrophytes	generally	
assimilate	more	N	from	NH4+	than	the	more	energy‐demanding	NO3‐	(Saskawa	and	Yamamoto,	
1978;	Yoneyama	et	al.,	1991;	Fang	et	al.,	2007;	Wyman	and	Bird,	2007).	Assimilation	of	NH4+	by	
plants	can	even	inhibit	assimilative	NO3‐	uptake	in	some	instances	(Wolfram	et	al.,	1984).	
Because	this	experiment	was	not	originally	designed	to	distinguish	effects	of	both	nitrification	
and	denitrification	and	the	effect	of	macrophyte	N	demand	on	these	processes,	it	is	difficult	to	
interpret	these	observations	with	any	certainty.	These	results	may	help	in	forming	hypotheses	
to	be	tested	in	future	experiments	involving	the	role	of	macrophytes	on	nitrogen	cycle	
processes	in	rivers.		
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5.4.5 Conclusions	
Although	there	was	no	effect	of	PO43‐uptake	on	U	in	the	in‐situ	chamber	incubations,	the	
experiment	did	yield	some	interesting	findings.	U	was	a	function	of	NH4+	concentration	below	
approximately	100	µg/l	NH4+,	even	when	NO3‐	was	high.	When	macrophyte	biomass	in	the	river	
is	high,	and	NH4+	concentrations	are	low,	macrophytes	will	help	to	maintain	low	NH4+	
concentrations	(along	with	volatilization,	nitrification,	and	uptake	by	other	communities).	N2O	
in	the	chambers	increased,	indicating	that	nitrification	and/or	denitrification	were	occurring.		
Macrophytes	may	increase	the	quantity	of	N2O	produced	because	of	their	large	surface	area	for	
nitrifying	and	denitrifying	organisms.	Thus	as	rivers	become	eutrophic,	the	biomass	of	
macrophytes	may	accelerate	N	cycling	in	rivers	both	directly	and	indirectly.		
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Summary 
Aspects	of	nutrient	dynamics	and	biomass	response	were	examined	in	this	thesis	to	gain	a	
better	understanding	of	the	processes	that	characterize	eutrophication	in	rivers.	First,	to	put	
the	modern	Grand	River	into	a	historical	context,	I	examined	long‐term	nutrient	data	available	
through	the	Ontario	Provincial	Water	Quality	Monitoring	Network	and	looked	for	indicators	of	
changing	nutrient	cycles	spatially	and	temporally,	and	for	ways	to	distinguish	point	source	
impacts	from	diffuse	impacts.	TP	and	SRP	declined	over	the	34	year	monitoring	period	at	all	
sites	in	the	Grand,	with	the	biggest	declines	occurring	in	the	1970s.	TP	and	SRP	continued	to	
decline	slowly	in	the	decades	following.	The	continual	decline	of	TP	in	rivers	is	puzzling,	as	
population	increased	and	agricultural	likely	intensified	over	this	period.	These	results	are	
similar	to	findings	for	long	term	phosphorus	trends	in	other	watersheds	in	Ontario	and	around	
the	globe	(Parr	and	Mason,	2003;	Eimers,	2004;	Sileika	et	al.,	2006).	
The	trends	for	nitrate	(NO3‐+NO2‐),	however,	stand	in	stark	contrast.	Nitrate	concentration	
increased	in	the	Grand	River	over	the	34	y	monitoring	period.	The	increase	in	nitrate	was	
seemingly	unrelated	to	proximity	to	WWTPs,	and	no	important	changes	to	nitrate	
concentration	occurred	in	the	early	to	mid‐1970s.	Temporal,	spatial	and	seasonal	patterns	of	
NO3‐	concentration	show	evidence	of	a	diffuse	origin	for	Grand	River	nitrate,	which	could	be	a	
result	of	the	intensification	of	agriculture;	increased	chemical	fertilizer	use	and	increase	in	
livestock	in	the	watershed.	Long‐term	changes	in	NO3‐	in	the	Grand	River	are	similar	to	those	of	
other	watersheds	around	the	globe,	where	nitrate	concentrations	increased	over	time	(Mitchell	
et	al.,	2001;	Lassaletta	et	al.,	2005;	Duan	et	al.,	2007;	Billen	et	al.,	2007)	and	is	in	line	with	the	
finding	that	reactive	nitrogen	in	the	global	environment	has	roughly	doubled	since	the	
beginning	of	the	industrialized	era	(Galloway	et	al.,	2004).	These	findings	thus	corroborate	
evidence	of	a	global	phenomenon	from	which	the	water	quality	of	the	Grand	River	is	no	
exception.	Phosphorus	concentrations	in	rivers	have	been	declining	over	the	long‐term,	while	
NO3‐	has	increased.	Water	quality	and	eutrophication	in	the	Grand	River	might	be	said	to	be	
improving,	if	primary	producers	of	the	river	are	primarily	P	limited,	however	evidence	
provided	in	this	thesis	suggests	that	nitrogen,	particularly	NH4+,	is	also	important	for	primary	
producers.	
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Additional	ways	to	examine	the	monitoring	data,	such	as	nutrient	stoichiometry;	TP:SRP,	
DIN:SRP	and	NO3‐:	NO2‐,	can	provide	additional	information	as	to	the	relative	importance	of	
nutrient	sources	and	the	ability	of	the	river	to	handle	nutrient	loads.	The	changing	TP:SRP	
indicates	that	the	WWTP	had	an	impact	on	nutrient	concentrations,	while	DIN:SRP	mainly	
reflects	the	long‐term	decrease	in	P	and	increase	in	NO3‐.		NO3‐:	NO2‐	highlights	regions	where	
denitrification	was	occurring.	These	uses	of	nutrient	ratios	in	long‐term	monitoring	are	unique	
to	this	thesis	and	were	explored	as	methods	to	derive	novel	information	regarding	changing	
water	quality	from	a	standard	set	of	parameters.	This	information	provides	a	long‐term	view	of	
the	nutrient	chemistry	of	the	Grand	River	and	highlight	areas	where	management	efforts	could	
be	focused,	such	as	the	reach	below	the	largest	WWTP,	and	the	rising	NO3‐	concentrations	likely	
the	result	of	increased	diffuse	nutrient	sources.		
I	explored	the	evolving	trophic	condition	of	the	Grand	River	further	by	looking	at	macrophyte	
biomass	as	a	manifestation	of	eutrophication	resulting	from	nutrient	loading.	Although	long	
term	trends	show	declining	P,	TP	exceeds	the	provincial	standard	for	rivers	of	30	ug	P/l	over	
much	of	the	middle	and	lower	Grand	River.	The	Grand	River	is	still	considered	eutrophic	by	
regional	resource	managers	because	the	river	becomes	hypoxic	in	many	locations	in	the	
summer,	and	submersed	aquatic	macrophytes	attain	biomass	considered	to	be	a	nuisance	for	
water	quality,	recreation	and	industrial	use.	Although	it	is	generally	accepted	that	nuisance	
biomass	of	macrophytes	is	caused	by	anthropogenic	nutrient	loading,	and	there	is	some	
evidence	for	this	view	(Carr	and	Chambers,	1998;	Sosiak,	2002;	Carr	et	al.,	2003),	the	
relationship	has	not	been	empirically	established,	and	the	response	of	the	benthic	environment	
to	increased	nutrient	loads	does	not	fit	clearly	into	conceptual	models	of	river	ecosystem	
structure	and	function	(Hilton	et	al.,	2006).	I	found	strong	evidence	that	increased	nutrient	
loads	to	rivers	produce	elevated	macrophyte	biomass.	For	two	reaches	downstream	of	WWTPs,	
macrophyte	biomass	was	significantly	greater	than	upstream.	I	was	able	to	demonstrate	this	
mainly	because	I	chose	an	appropriately	large	scale	for	study,	and	a	method	that	reduces	the	
effect	of	habitat	variability	on	biomass	estimates,	two	aspects	important	in	studying	large	river	
environments.	Although	my	study	does	not	specifically	link	nutrients	to	biomass,	the	fact	that	
the	WWTPs	are	a	significant	source	of	nutrients	to	the	river	gives	circumstantial	evidence	of	
this	effect.	Tissue	nutrient	content	of	macrophytes	was	higher	in	both	downstream	reaches,	
however	macrophytes	in	upstream	reaches	were	not	demonstrably	nutrient	limited	relative	to	
	
	 154	
laboratory‐determined	critical	nutrient	thresholds	for	aquatic	macrophytes.	This	presents	a	
paradoxical	finding	of	a	biomass	response	to	nutrient	point	sources,	yet	no	clear	evidence	of	
nutrient	limitation	upstream.		It	is	possible	that	the	time	we	chose	to	sample,	during	peak	
summer	biomass,	offers	an	explanation.	Macrophytes	may	not	be	nutrient	limited	during	peak	
biomass	when	growth	begins	to	slow	and	plants	begin	to	grow	storage	organs	and	senesce.	
Future	work	demonstrating	the	effect	of	anthropogenic	nutrient	loading	on	macrophyte	
biomass	should	test	the	hypothesis	that	nutrient	limitation,	as	indicated	through	tissue	nutrient	
concentrations,	occurs	in	upstream	reaches	during	the	spring	growing	season,	rather	than	at	a	
time	when	plant	maturity	and	peak	biomass	has	already	been	achieved.	Further	investigation	of	
the	empirical	link	between	increased	nutrient	loading	to	rivers	and	enhanced	benthic	primary	
producer	biomass	may	entail	relating	the	total	biomass	yield	of	a	reach	to	nutrient	loading	of	a	
point	source	across	multiple	river	systems.	
As	high	chemical,	physical	and	biological	variability	is	an	important	and	distinguishing	
characteristic	of	river	environments,	an	understanding	of	the	inter‐annual	variation	present	in	
macrophyte	biomass	may	be	necessary	to	detect	changes	due	to	nutrient	enrichment.	Causes	of	
inter‐annual	variation	in	macrophyte	biomass	in	the	Grand	River	were	explored.	Four	years	of	
reach‐level	biomass	data	were	examined	in	relation	to	factors	hypothesized	to	explain	year‐to‐
year	variation;	average	air	and	water	temperature,	average	precipitation	and	average	
discharge.	These	parameters	influenced	both	the	maximum	quantity	of	macrophyte	biomass	
produced	in	a	growing	season,	and	the	seasonal	pattern	of	biomass	development	as	
characterized	by	the	time	the	biomass	maximum	was	reached.	The	finding	that	increased	
temperatures	lead	to	higher	peak	biomass	occurring	earlier	in	the	growing	season,	while	
increased	flow	leads	to	lower	peak	biomass	later	in	the	growing	season,	is	in	line	with	our	
current	understanding	of	the	factors	that	influence	macrophyte	biomass	production	(Barko	and	
Smart,	1981;	Chambers	et	al.,	1991;	Carr	et	al.,	1997).	This	work	makes	a	novel	contribution	to	
the	understanding	of	the	riverine	response	to	nutrient	loading	in	several	ways.	Long	term	data	
on	macrophyte	biomass	are	relatively	rare	in	lakes	and	rivers,	and	none	so	far	have	examined	
the	effect	of	seasonal	and	inter‐annual	variation	in	weather	patterns	on	macrophyte	biomass.	It	
is	also	a	novel	finding	that	the	seasonal	pattern	of	macrophyte	biomass	development	is	affected	
by	weather;	many	studies	of	biomass	occur	during	the	“peak”	summer	biomass,	and	I	have	
shown	that	this	peak	varies	year	to	year	and	can	be	predicted	by	weather	patterns.	These	
	
	 155	
findings	can	inform	future	attempts	to	understand	the	conditions	leading	to	enhanced	benthic	
primary	production	in	rivers,	lead	to	the	improvement	of	macrophyte	biomass	production	
models	used	by	water	resource	managers,	and	the	implementation	of	these	findings	is	the	
natural	next	step	for	this	research.	
Stable	isotopes	can	provide	information	regarding	sources	of	nutrients	that	concentrations	
cannot,	and	the	link	between	macrophytes	and	WWTP	nitrogen	loading	was	investigated	using	
this	tool.	Samples	of	ammonia,	nitrogen	and	macrophyte	tissue	taken	downstream	of	two	
WWTPs	on	the	Grand	River	revealed	that	macrophyte	tissue	δ15N	reflected	the	enriching	trend	
found	in	δ15N‐NH4+	downstream	of	both	WWTPs.	Although	the	use	of	macrophytes	and	
macroalgae	as	sentinels	for	presence	of	waste	effluent	has	been	explored	in	other	aquatic	
systems	around	the	world	(Grice	et	al.,	1996;	Fry	et	al.,	2000;	Rogers	et	al.,	2003;	Savage	et	al.,	
2004;	Derse	et	al.,	2007;	Dillon	and	Chanton,	2008;	Yamamuro	et	al.,	Risk	et	al.,	2009),	no	work	
has	been	done	for	riverine	macrophytes,	particularly	in	eutrophic	rivers.	We	tested	three	
common	assumptions	made	when	using	stable	15N	isotope	values	of	macrophyte	or	macroalgal	
tissue	as	effluent	indicators	and	demonstrated	that	some	of	these	may	not	apply	in	highly	
dynamic	environments.	Rapid	nitrogen	processing	downstream	of	WWTP	poses	a	problem	in	
the	use	of	mixing	models,	and	in	high	nitrogen	environments	macrophytes	discriminate	during	
N‐uptake.	However,	the	results	showed	that	macrophytes	record	the	presence	of	the	new	NH4+‐	
,	and	might	be	suitable	sentinels	when	NH4+	concentration	is	too	low	for	isotope	analysis	or	
varies	on	a	diel	basis.	The	strong	preference	for	NH4+‐	over	NO3‐	in	macrophytes	growing	below	
WWTPs	also	demonstrates	the	importance	of	NH4+	to	macrophyte	communities,	even	in	rivers	
of	high	nutrient	concentrations	and	multiple	nutrient	sources.		Future	work	to	improve	the	
suitability	of	macrophytes	as	sentinels	would	be	to	determine	at	what	concentration	of	NH4+	
macrophytes	will	use	NO3‐	proportionally	such	that	the	limitations	of	using	macrophytes	to	
indicate	effluent	NH4+	can	be	established.	
In‐situ	chamber	incubations	with	macrophytes,	δ15N‐NH4+	tracers,	and	PO43‐	additions	
indicated	that,	during	peak	biomass	in	the	mid‐reaches	of	the	Grand	River,	short‐term	
incubations	with	added	PO43‐	had	no	detectible	effect	on	macrophyte	N	uptake	or	N2O	
production,	however	the	difference	in	N	uptake	rate	and	N2O	production	between	upstream	and	
downstream	sites	indicated	that	the	riverine	macrophyte	community	responded	to	
continuously	elevated	nutrients	which	resulted	in	changes	to	nitrogen.		NH4+	uptake	increased	
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with	of	NH4+	concentration,	up	to	a	concentration	of	approximately	100	µg	N/l,	illustrating	
macrophyte	preference	for	NH4+	even	when	NO3‐	is	available,	and	supports	similar	findings	
from	the	previous	chapter.	The	work	also	indicated	that	rapid	recycling	of	NH4+	occurred	in	the	
chambers,	which	also	supports	the	idea	of	ammonia	limitation	of	macrophyte	and	epiphyton.	
The	idea	of	ammonia	limitation	implies	that	not	only	is	the	quantity	of	nutrient	loading	
important	in	influencing	river	benthic	communities,	but	that	the	chemical	form	of	the	nutrient	
and	the	processes	that	convert	nutrients	between	forms	are	important	as	well.	Results	from	this	
work	also	provide	some	evidence	that	N2O	production	in	the	chambers	was	influenced	by	the	
activity	of	macrophytes	and	identifies	a	role	for	macrophytes	in	community	level	denitrification	
and	nitrification	activity.	Eutrophication	of	rivers	thus	results	in	changes	to	the	benthic	plant	
community	as	well	as	changes	to	biogeochemical	cycling	mediated	through	macrophyte	
communities.		Future	studies	should	quantify	the	effect	of	different	forms	of	nitrogen	added	to	
benthic	habitats	on	biogeochemical	cycling	mediated	by	macrophytes,	research	which	could	
demonstrate	the	value	of	nitrification	of	waste	effluent	in	mitigating	impacts	to	macrophyte	
dominated	river	ecosystems.	
This	thesis	contributes	to	the	understanding	of	the	eutrophication	processes	in	rivers	by	
demonstrating	the	influence	of	anthropogenic	nutrients	on	the	biomass	of	the	submersed	
macrophyte	community	in	the	Grand	River	at	the	reach.	It	shows	that	spatial	and	temporal	
variation	is	an	important	feature	of	the	biomass	response,	and	that	some	of	the	former	can	be	
predicted	by	weather.	It	also	suggests	an	important	role	for	NH4+	in	the	macrophyte	nutrient	
cycling	and	the	riverine	eutrophication	process,	even	in	river	reaches	where	the	concentration	
of	nitrate	is	high.	The	thesis	also	provides	evidence	of	consequences	of	eutrophication	that	may	
be	unique	to	rivers,	and	that	macrophyte	biomass	may	be	able	to	influence	nitrogen	cycle	
processes	and	alter	the	fate	of	reactive	N	species.	Eutrophication	in	rivers	results	in	increased	
primary	producer	biomass	in	response	to	elevated	nutrients,	and	thus	the	most	general	
definition	of	eutrophication,	a	movement	of	an	aquatic	system	towards	dominance	by	the	
primary	producer	community,	can	be	extended	to	rivers.	However,	the	process	of	
eutrophication	is	likely	to	have	different	biogeochemical	consequences	for	rivers	than	for	lakes,	
thus	for	water	and	habitat	quality.	Eutrophication	is	thus	a	process	that	both	brings	unity	to	our	
understanding	of	disparate	aquatic	ecosystems	as	well	as	illustrates	their	diversity	and	
complexity.	
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